The formation and growth of the intermetallic were frequently discussed since lead-free solder took place replacing the lead solder. However, the effect of multiple reflow process on the intermetallic morphology that was subjected to aging still needs further investigation. Thus, this study aimed to investigate the effect of the second reflow towards the intermetallic compound formation and growth. Two types of surface finishes were used such as Immersion Tin (ImSn) and Electroless Nickel Immersion Gold (ENIG). Both test boards were reflowed once with Sn-3.0Ag-0.5Cu at the temperature of 225 ºC and soaking for 8 seconds. Then, they were reflowed again at the same temperature for 25 minutes prior to an isothermal aging process for 250, 500, 1000 and 2000 hours at the temperature of 150 ºC. The ProgRes C3 IM7200 Optical Microscope and ImageJ were used for the microstructural study, which includes morphology and thickness. Results indicated that IMC thickness formed between solder and ImSn surface finish increased significantly with 1.28 µm incremental when exposed to the second reflow whereas the IMC thickness of ENIG surface finish was increased for up to 0.15 µm. In addition, ENIG showed higher activation energy as compared to ImSn.
Introduction
In the electronics industry, a reflow process is a common technique used in assembling the electronic component. The process involved a controlled heating process for the solder to melt and wet on a pad in order to create interconnections between the solder alloy and Cu substrate. In most cases, the electronic board needs to be reflowed few times to complete the attachment process of electronic components on the board by double-sided reflow due to multi-assembly or rework of chips. During the reflow process, the atom from Cu substrate will dissolve into the solder alloy and formed the IMC. Unfortunately, the IMC will continuously grow and dramatically increase in thickness whenever subjected to multiple reflow or isothermal aging if there is no control to inhibit them. This will lead to brittle fracture when the package is dropped or shocked (due to the thermal difference) since IMC is brittle in nature. In order to prevent the excessive IMC growth, surface finish was applied on top of Cu substrate. The surface finish is not only functioning as a protective layer for the underlying Cu substrate till undergoes packaging and assembly process, but also work as an effective barrier layer to inhibit dissolution of Cu atoms during the soldering process. Among others, both ENIG and ImSn are gaining attention in semiconductor packaging. ENIG had been known for its great ability to provide good solderability along with the ability to retard the excessive formation of IMC while ImSn is a popular effective alternative that provides a smooth surface and good wettability at a lower cost [1] . Even though there had been a number of studies reported regarding the effect of multiple reflows on the microstructure of the IMC [2, 3] , the study of the influence of the multiple reflows often involved only on the reflow stage without further investigation its effect after isothermal aging. Therefore an attempt has been made to study the effect of the second reflow on the IMC microstructure and growth.
Experimental Procedure
The samples used in this study were received from Electronic Packaging Research Society-Universiti Kebangsaan Malaysia (EPRS-UKM) where two PCB with ENIG and ImSn surface finish underwent reflow soldering at 225 ˚C for 4 minutes and soaking in 8 seconds. The solder paste used on both surface finish was Sn-3.0Ag-0.5Cu. The samples proceeded with another reflow process at 250 ˚C for 25 minutes in a furnace where conducted at Universiti Malaysia Pahang (UMP). After that, the samples subjected to an isothermal aging at 150 ºC for 250, 500, 1000 and 2000 hours. A set consisted of three samples per set were taken for every parameter. Cross sections from the samples were then prepared using standard metallographic steps. The intermetallic formed then observed with a ProgRes C3 IM7200 Optical Microscope and the thicknesses of the layers were evaluated using image analysis software (ImageJ). The IMC thickness was measured by taking at least 15 readings per sample and then calculated averagely.
Results and discussion
Interfacial Reactions Characteristic. The formations of the IMC for both surface finishes for the as-reflow condition were shown in Fig. 1 . The obvious difference that can be seen after the second reflow was the thickness of the IMC formed. The thickness measured in the first reflow was 5.83 µm and 5.25 µm for ImSn and ENIG, respectively. Whereas for the second reflow, the IMC thickness slightly increased up to 6.52 µm for ImSn and 5.39 µm for the ENIG. These results were in a good agreement with the previous findings whereby they found that the IMC thickness increased with the increasing number of reflow regardless the type of surface finish used [4, 5] . The initial IMC compound formed at the interfaces by heterogeneous nucleation [6] . The IMC's growth that occurred within the IMC's layer depends on the dissolution/diffusion mechanism and types of surface finish used that is known to affect the types of the IMC formed. In this case, the Cu 6 Sn 5 was formed at the solder joint when ImSn was used while, for the ENIG, the IMC formed was Ni 3 Sn 4 . The type of IMC formed also remains the same even after subjected to the second reflow process for both ImSn and ENIG. Other than that, the IMC shape for both surface finishes was observed and showed a different type of shape. The ImSn IMC consists of Cu 6 Sn 5 in scallop-like shape while ENIG contains the Ni 3 Sn 4 formed in a needle-like shape. However, the increasing number of reflow process did not change the IMC shape for both types of surface finishes.
First reflow
Second reflow ImSn ENIG Fig. 1 : IMC formation for as-reflow condition IMC Growth Kinetics during Isothermal Aging. Based on the findings on Fig. 2 , thin, dark layer of Cu 3 Sn was detected at the interface between the Cu 6 Sn 5 layer and solder alloy for ImSn surface finish after subjecting to isothermal aging at the temperature of 150 ˚C for 250 hours. The formation of Cu 3 Sn is governed by the phase stability according to the following reaction [7] . The thickness of Cu 3 Sn then observed to continuously increase as the aging hour increased, whereas the Cu 6 Sn 5 thickness decrease. This is because, during aging, the Cu 3 Sn IMC grows by reactions between the Cu substrate and Cu 6 Sn 5 that resulted in an increased thickness of Cu 3 Sn and caused a drop of the Cu 6 Sn 5 thickness [8] . Fig. 3 shows the comparison of total IMC thickness between ImSn and ENIG after the second reflow. The IMC thickness for ENIG was only 5.40 µm when subjected to second reflow (0 hour) while 6.522 µm for ImSn. That shows an increment of 1.28 µm for ImSn surface finish from the first reflow thickness and only 0.15 µm for the ENIG surface finish. ENIG possess thinner IMC compared to ImSn due to the Ni ability to retard the IMC growth. For ImSn, once reflow, the Sn layer will dissolve into the solder and leaving the Cu layer exposed. So, when reflowed for the second time, there was no barrier between Cu and solder that makes the diffusion occur easily thus explained the higher thickness increment. For ENIG, only Au layer dissolved on first reflow and Ni layer remained on top of the underlying Cu and work as a barrier for Cu atom during the dissolution/process for the second reflow. Regardless the thickness, both surface finishes showed the linearity between IMC thickness and aging time. The gradual increase of the IMC was due to the kinetics growth phenomena that was related to the activation energy of the IMC during the aging process. As the IMC growth process was controlled under diffusion process, the isothermal growth should follow the square root time law. Both d and dₒ can be obtained using a microscope:
where d is the IMC layer thickness (cm), dₒ is initial IMC layer thickness (cm), k is growth rate constant (can be obtained from linear regression line) and refer to the aging time (s). Meanwhile, the activation energy, Q for the IMC growth can be calculated using the Arrhenius equation below:
and can be rewrite to:
where Q is equal to an activation energy (kJ/mol), the k is growth constant (can be obtained using Eq. 3), kₒ is the layer growth constant (cm 2 /s), R is an ideal gas constant (8.314 J/mol K) and T is the absolute temperature (K). The activation energy of IMC layer for both ImSn and ENIG was calculated using Eq. 3-Eq. 5. The activation energies for total IMC layer (Cu 6 Sn 5 + Cu 3 Sn), and Ni 3 Sn 4 layer are displayed in Table 1 below. The activation energies calculated for both surface finish shows inclined trend along with the aging time. This shows growth rate is slowing down when aged continuously regardless the type of IMCs formed. Based on the result, ENIG possesses highest activation energy with 33.51 kJ/mol at 2000 hours that correlate with the slowest growth rate since following the Arrhenius equation, rate constants are directly proportional to temperature and inversely proportional to the activation energy. So, the higher the activation energy, the lower the rate constant is likely to be at a given temperature.
Conclusions
The microstructures of Sn-3.0Ag-0.5Cu solder joints with two different types of surface finishes that underwent the second reflow were studied in both the as-reflowed state and after isothermal aging. The results are summarized as follows: i. Reflow process was found to influence the thickness of IMC formed for both ENIG and ImSn surface finish. The IMC thickness was increased when subjected to reflow process more than once but did not change the IMC shape for both surface finish. ii. When subjected to the second reflow, the IMC morphology found to be different in term of shape and thickness for ImSn and ENIG that influenced by the ripening and the curvature effect. iii. The activation energy for ENIG was higher than ImSn with the value of 30.34 kJ/mol and 33.51 kJ/mol respectively. Hence, ENIG surface finish manages to retard the IMC growth rate.
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